Abstract
Introduction
The elucidation of the genetic architecture of complex diseases is one of the predominant issues in current human genetics. Genome-wide association studies have identified multiple genetic variants associated with complex human diseases. However, these variants explain only relatively small increments in risk and only a small proportion of familial clustering. Therefore, strategies to explain the remaining, 'missing heritability' are required [1, 2] . So far structural variations, such as copy number variants or copy neutral variations (i.e. inversions and translocations) [3] , have not been appropriately included in association studies yet and may therefore account for some of the unexplained heritability. Interest in the analysis of copy number variants has recently increased due to an improvement in the methods for their detection [4] . In con- [6, 7] or also to oligonucleotide arrays designed to tile breakpoint regions at extremely high resolution [8] .
trast, the analysis of copy neutral variations has been neglected to a large extent, although the detailed analysis of rare, balanced chromosomal rearrangements associated with specific phenotypic features may facilitate the detection of rare and low frequency variants. However, their detailed analysis has been hampered because easy and fast methods to pinpoint the breakpoints of a cytogenetically visible translocation to the basepair (bp)
However [15, 16] 
Results and discussion

Here we describe our method for the fast mapping of translocation breakpoints with basepair resolution. The t(7;13) (q21;q32.1) translocation (Fig. 1A) was observed in a 9-monthold male patient with the clinical diagnosis of SHFM1. SHFM, also known as ectrodactyly, is a congenital limb malformation involving the central rays of the autopods and presents with syndactyly, median clefts of hands and feet, and aplasia and/or hypoplasia of phalangeal, metacarpal and metatarsal bones
. The disease locus was mapped to 7q21.3-q22.1 through the analysis of cytogenetic abnormalities such as deletions, translocations and inversions in this region in patients with SHFM [17-19] and was designated as SHFM1 (OMIM 183600). In fact, this 7q21 region had been implicated in SHFM1
in many other reports, e.g. [20] [21] [22] (Fig. S2) . The chromosome 7 breakpoint is located between genes SHFM1 and DLX6 and did not disrupt any presently known transcriptional active region (Fig. 4) .
We checked for any characteristic features in DNA sequences around the breakpoints compared between chromosomes 7 and 13, for example, sequence similarity that may explain the occurrence of this reciprocal translocation. However, there was no evidence for long homologies or microhomologies making nonhomologous end joining the most likely mechanisms for formation of this rearrangement [23] .
Three potential candidate genes, DLX5, DLX6 and SHFM1 (also DSS1, deleted in the Split hand/foot 1 region), have been suggested to be involved in pathogenesis of SHFM1 because of their roles in limb development in mice [19] . For example, double knockout of Dlx5 and Dlx6 in mice resulted in typical SHFM [24] . However, and as in our case, these three candidate genes did not seem to be interrupted directly by any of the previously reported human chromosomal rearrangements [19, 25] . Cy3.5; red) and of a single der (13) translocation chromosome (labelled in FITC; green) to a normal metaphase spread demonstrating partial hybridizations to chromosomes 7 and 13. Complete metaphase spreads after hybridization with the der (7) and der (13) translocation chromosomes are shown in Fig. S1a-d. Due to the importance of DLX5 and DLX6 for limb development [24] and the previously suggested involvement of the SHFM1 gene in SHFM1 we sequenced the entire coding region of these genes, however, a mutation was not observed. This confirms previous reports that no gene mutations associated with SHFM1 have been reported to date [19] . Previously it was suggested that disruption of distant cis-acting regulatory elements or positional effects may result in aberrant expression of SHFM1, DLX5 and DLX6 [19, 26] [27] . Furthermore, the use of a massively parallel paired-end sequencing approach to characterize chromosome rearrangement breakpoints with a resolution sufficient for subsequent PCR amplification and Sanger sequencing of junction fragments was reported [28] . However, the authors noted that sequencing costs can be reduced significantly by construction of libraries from flow-sorted derivative chromosomes [28] . To [29] .
Fig. 1 (A) G-banded partial karyotype showing the translocation t(7;13)(q21;q32). (B) Hybridization of the amplification products of a single der(7) translocation chromosome (labelled in
In summary, the abovementioned strategies make rare copy neutral structural variants amenable to high-resolution analyses and may therefore contribute to the elucidation of some components of the missing heritability of complex diseases. 
